Volcanic lateral blasts are among the most spectacular and devastating of natural phenomena, but their dynamics are still poorly understood. Here we investigate the best documented and most controversial blast at Mount St. Helens (Washington State, United States), on 18 May 1980. By means of three-dimensional multiphase numerical simulations we demonstrate that the blast front propagation, fi nal runout, and damage can be explained by the emplacement of an unsteady, stratifi ed pyroclastic density current, controlled by gravity and terrain morphology. Such an interpretation is quantitatively supported by large-scale observations at Mount St. Helens and will infl uence the defi nition and predictive mapping of hazards on blast-dangerous volcanoes worldwide.
INTRODUCTION
On 18 May 1980, Mount St. Helens (Washington State, United States) erupted catastrophically, generating a lateral blast, which was characterized by an astonishing fl ux of energy and mass (Eichelberger and Hayes, 1982; Belousov et al., 2007) , a short duration (<5 min) (Moore and Rice, 1984; Hoblitt, 2000) , and a remarkably broad area (~600 km 2 ) of severe damage, despite the restricted volume of magma involved (Eichelberger and Hayes, 1982; Moore and Rice, 1984; Belousov et al., 2007) . A vertical Plinian phase followed the blast, but our paper focuses on the blast exclusively.
Previous fl uid dynamics modeling (Kieffer, 1981; Orescanin et al., 2010) hypothesized that a magmatic body decompressed explosively through a "sonic nozzle" to form an underexpanded supersonic jet. Transition to subsonic fl ow would occur in this scenario through a strong normal shock. However, other studies (Hoblitt et al., 1981; Waitt, 1981; Druitt, 1992; Bursik et al., 1998) have raised the alternative view that the blast developed as a gravity-driven pyroclastic density current (PDC). To resolve this conundrum, in this study we adopt the transient, three-dimensional (3-D) multiphase fl ow model PDAC (Pyroclastic Dispersal Analysis Code; Neri et al., 2003; Esposti Ongaro et al., 2007 , 2008 to simulate the dynamics and hazardous effects of the Mount St. Helens blast.
Model Formulation and Numerics
In the applied PDAC model the fundamental processes governing explosive eruptions are expressed by the Eulerian multiphase transport laws of mass, momentum, and enthalpy of a gas-pyroclast mixture formed by a continuous multicomponent gas phase and n solid particle phases representative of pyroclasts, with each phase characterized by size, density, specifi c heat, and thermal conductivity (Neri et al., 2003; Dartevelle, 2004; Dufek and Bergantz, 2007) . The transport equations are solved for each phase over the 3-D spatial domain with prescribed boundary conditions by advancing time from assigned initial conditions. Model output provides, at each instant in time, the gas pressure, volume concentration, velocity, and temperature of each phase over the 3-D domain. Full modeling details, code validation, and applicability to volcanic eruption dynamics were given in Esposti Ongaro et al. (2007 Ongaro et al. ( , 2008 ; see also the GSA Data Repository 1 (Supplement A).
Observational Data and Model Input Conditions
Our model builds upon the initial conditions hypothesized for a magmatic blast triggered by the sudden decompression of a shallow, confi ned, gas-pressurized magma body (Eichelberger and Hayes, 1982; Alidibirov, 1995; Woods et al., 2002; Esposti Ongaro et al., 2008) as constrained by available geologic data.
We assumed the initial source geometry shown in Figure 1A (modifi ed after Glicken, 1996) . The blast was triggered by the landslide collapse of the north fl ank. This collapse evolved as three successive blocks, the blast developing from cryptodome magma contained in blocks II and III, after block I had fallen away (Voight, 1981; Voight et al., 1981) . We simplifi ed the magma geometry of blocks II and III as a portion of a hemisphere with a free surface oriented northward (Fig. 1B) . The ground surfaces of blocks II and III were fi xed as part of the edifi ce topography. The volume involved in the blast consisted of magma, and nonjuvenile material assumed to be incorporated at the source (90 × 10 6 m 3 and 60 × 10 6 m 3 of dense rock equivalent, respectively) (Voight, 1981; Moore and Albee, 1981; Belousov et al., 2007) . We released the blast as a single explosion, effectively simulating the second, larger of the two pulses recognized in the blast. This is justifi ed because the second pulse had overtaken the fi rst pulse in several tens of seconds and thus dominated the distal fl ow evolution (Hoblitt, 2000) . The granulometric spectrum of juvenile particles (Hoblitt et al., 1981; Druitt, 1992; Glicken, 1996) was approximated by adopting three particle classes with equivalent hydraulic diameters (Burgisser and Gardner, 2006) of 3250 μm (35 wt%), 150 μm (37 wt%), and 13 μm (28 wt%) μm, and densities of 1900, 2300, and 2500 kg/m 3 , respectively. For the eroded substrate and fragmented country rocks we adopted one particle class, with 500 μm diameter and 2500 kg/m 3 density. Initial temperature of the magma was assumed to be 1173 K (Rutherford and Devine, 1988) , and country-rock temperature was set at 323 K.
Initial overpressure was 10 MPa above the hydrostatic load (Eichelberger and Hayes, 1982; Alidibirov, 1995) . Since this value significantly exceeds the fragmentation threshold of Mount St. Helens dacite (2.7 MPa estimated from laboratory experiments by Spieler et al., 2004) , we neglected strength effects during expansion (i.e., we assumed no energy loss during magma fragmentation; Woods et al., 2002; Esposti Ongaro et al., 2008) . The mixture was assumed to fragment instantaneously at the passage of the decompression wave, when it was left free to expand in the atmosphere.
We assumed that the average gray dacite vesicularity of 40% (Druitt, 1992; Hoblitt and Harmon, 1993) refl ects pre-fragmentation porosity of the inner part of the magma body and that an outer shell of country rock had 20% porosity. By using the perfect gas law for water vapor and the assumed spatial distribution of pressure and temperature, we computed the average exsolved water content to be 0.85 wt%, which is consistent with the estimate of 0.23-0.96 wt% in the gray dacite following a period of shallow open-system degassing (Hoblitt and Harmon, 1993) . Because of low diffusivity of water in melts, we also assumed that no signifi cant volatile exsolution occurred during or after blast initiation.
The 3-D runs were applied over the 40 × 30 km 2 digital elevation model of the region, with the edifi ce-collapse avalanche deposit assumed to have been fully emplaced (this is a simplifi cation because parts of this avalanche moved concurrently with the blast; Voight et al., 1981; Sousa and Voight, 1995) . We used a uniform computational grid with 200 m resolution along the x and y axes, and a nonuniform grid along the z axis, varying from 20 m at the ground to 100 m at the top of the domain (8 km). We performed wide sensitivity studies by applying the numerical model to different initial and boundary conditions in both 2-D and 3-D, to assess the sensitivity of the results to the input variables and to numerical parameters (Table DR1 ; see also Supplement B in the Data Repository). All these simulations proved the robustness of the simulation outcomes illustrated herein.
RESULTS
Model results describe the temporal evolution of the blast cloud over the 3-D digital terrain model ( Fig. 2A) and allow the subdivision of the blast into three main stages: a directed burst, an asymmetric collapse, and a PDC phase. The burst phase, which is driven by the decompression of the mixture in the atmosphere, is limited to the proximal area (within 4-6 km from the crater) and can be characterized by supersonic (with respect to speed of sound of the mixture) radial ejection velocities (<150 m/s). This stage is complete by 20 s, when the mixture starts to collapse and is progressively transformed into the following PDC phase. At 50 s, the PDC exhibits dominant northward fl ow and lateral spreading (attaining a maximum velocity of ~140 m/s at 250 m above the ground and at 8 km from the source in the northwest direction). A concentrated layer (with densities of ~600 kg/m 3 ) forms at the base of the PDC, and reaches the foot of Johnston Ridge at 110 s. Such dense underfl ow is not able to overcome the main topographic obstacles and is defl ected into North Toutle River Valley. By 200 s (not shown), the more dilute part of the PDC has surmounted the main topographic barriers toward the northwest, triggering an intense elutriation of fi ne ash that rises as a buoyant plume into the atmosphere. The head of this current is ~2 km thick (with a boundary layer velocity profi le developing in the fi rst 100-500 m above ground) and travels at ~70 m/s. At 380 s (Figs. 2B and 2C ) the fl ow has attained its maximum runout distance and the fl ow front is almost completely stopped: in the northwest direction it reaches the Green River before lifting off, whereas it is fully blocked by the topographic relief along the north and northeast directions.
COMPARISON WITH OBSERVATIONS
In Figure 3 , we compare the map of log 10 of total pyroclast concentration at 10 m above the ground (mid-height of lowest model cell) to the observed satellite-based timing of front advancement and blast boundaries (Moore and Rice, 1984) . In the burst stage (not shown) the simulated fl ow spreads radially, slightly more than actually observed, still affected by the initial (approximate) source geometry. At 100 s, however, it matches the fl ow front position observed at ~1.5 min from the onset of the strong explosion pulse (Fig. 3A, isochron 35 ). At 200 s (Fig. 3B) , the simulated fl ow is controlled by terrain morphology that promotes particle accumulation in topographic lows, and shows good correlation with the front position at 2.5-3 min (isochron 36 and 36.5). At 380 s (Fig. 3C ) the fi nal runout almost everywhere fi ts the complex boundary of the tree blowdown zone, with evidence of dense fl ows still moving (at ~25 m/s) along the Toutle River Valley.
The distribution of the maximum dynamic pressure P d (equal to half the product of mixture density and the squared mixture velocity) over the blast duration and near ground level (Fig. 4) shows a broad region with P d > 100 kPa extending to the foot of Johnston Ridge and over Spirit Lake, and a more distal region with P d = 0.5-10 kPa extending over the ridge to the north, and laterally to east and west. For comparison, severe forest damage (nearly complete blowdown observed at Mount St. Helens) can occur with dynamic pressures as low as ~1-2 kPa (Valentine, 1998) , with the severe devastation in the proximal area requiring values as high as 20 kPa.
DISCUSSION AND CONCLUSION
Our model promotes the idea that much of the severe damage observed in volcanic blasts can be explained by the high dynamic pressure in unsteady gravity-driven PDC. This observation is in contrast with previous models of the Mount St. Helens blast (Kieffer, 1981) in which the dynamics in the direct-blast zone (<11 km from source) were gravity independent and dominantly driven by a supersonic expanding jet that initiated at the vent nozzle. Our model suggests instead that after the relatively short lived initial burst (at <20 s and <6 km from the source), gravity dominates the dynamics. We therefore conclude that the boundary of the direct blast zone and channelized blast zone (Fig. 4) can be interpreted as a threshold in basal dynamic pressures (related to the fl ow sediment concentration and velocity) within an unsteady PDC (Belousov et al., 2007) . We attribute the weakening of the blast with distance primarily to energy losses in surmounting topographic obstacles (Baines, 1995) , but also to other factors and processes such as deceleration due to radial spreading, fl ow density stratifi cation, loss of momentum due to sedimentation, and blocking of the stratifi ed current by topography, which enables only the dilute upper part of the current to override the largest obstacles (Valentine, 1987; Fisher, 1990) .
Our results appear to be confi rmed over a wide range of initial conditions, including those hypothesized for a blast that occurred in 1997 at Soufrière Hills Volcano, Montserrat, West Indies (Esposti Ongaro et al., 2008) . Magma volume, source geometry, and terrain morphology are the most important factors controlling the dynamics and damage of the blastgenerated gravity currents, but in all tested cases the main phenomenology (burst-collapse-PDC) has been replicated. We therefore assert that this conceptual model is generally valid for volcanic blasts.
Our present results demonstrate that, where detailed geological constraints are available and thanks to the availability of modern supercomputers, 3-D transient and multiphase fl ow models can fairly accurately reproduce the main large-scale features of blast scenarios. Such an improvement in our modeling capability will make it possible to more effectively map potential blast fl ows at blast-dangerous volcanoes worldwide.
